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(57) A diamond pnjunction diode (20) includes a p- 
type diamond thin-film layer (21 ) formed on a substrate 
(11) and an n-type diamond thin-film layer (22) formed 
by forming a high-quality undoped diamond thin-film lay- 
er (22i) on the p-type diamond thin-film layer and ion- 
implanting an impurity into the high-quality undoped dia- 
mond thin-film layer, or alternatively includes an n-type 
diamond thin-film layer (22) formed on a substrate (11) 
and a p-type diamond thin-film layer (21 ) formed by 
forming a high-quality undoped diamond thin-film layer 
(22i) on the n-type diamond thin-film layer and ion-im- 
planting an impurity into the high-quality undoped dia- 
mond thin-film layer. A method of fabricating a diamond 
pnjunction diode (20) includes the steps of forming a p- 
type diamond thin-film layer (21) on a substrate (11), 
forming a high-quality undoped diamond thin-film layer 
(22i) on the p-type diamond thin-film layer, and making 
the high-quality undoped diamond thin-film layer an n- 
type diamond thin-film layer (22) by ion implantation of 
an impurity, or alternatively includes the steps of forming 
an n-type diamond thin-film layer (22) on a substrate 
(11), forming a high-quality undoped diamond thin-film 
layer (22i) on the n-type diamond thin-film layer, and 
making the high-quality undoped diamond thin-film layer 



a p-type diamond thin-film layer (21 ) by ion implantation 
of an impurity. 
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Description 

[0001] This invention relates to a diamond pn junction 
diode and a method for fabrication thereof. 
[0002] Diamond has superior physical and chemical 
characteristics as a wide-band gap semiconductor and 
can operate at temperatures as high as 1000°C as op- 
posed to silicon (Si), which can only be used at temper- 
atures below 200°C. In the application of diamond, with 
its superior characteristics, to electronic devices, basi- 
cally a p-type semiconductor and n-type semiconductor 
are formed as the foundation and then a diamond pn 
junction diode is formed. 

[0003] However, particularly from the viewpoint of de- 
vice application, technology must be developed that will 
control the electrical conductivity (p-type, n-type) using 
ion implantation and that will join the p-type semicon- 
ductor and n-type semiconductor, but compared to sili- 
con (Si), almost no viable applications such as an ion 
implantation method have been realized. 
[0004] This invention was proposed to address this 
problem and its purpose is to offer a diamond pn junction 
diode and its fabrication method to serve as a basis for 
allowing the application of diamond semiconductor as 
an electronic device by employing an ion implantation 
method. 

[0005] To achieve the above objective, the diamond 
pn junction diode of this invention is fabricated by form- 
ing a p-type diamond thin-film layer on a substrate and 
a high-quality undoped diamond thin-film layer on this 
p-type diamond thin-film layer, and then making the 
above formed thin-film layer an n-type diamond thin-film 
layer by ion implantation of an impurity. 
[0006] The above p-type diamond thin-film layer also 
includes a thin-film layer in which a high-quality undoped 
diamond thin-film layer is formed on a substrate and this 
formed diamond thin-film layer is doped with an impurity. 
[0007] Further, the diamond pn junction diode of this 
invention comprises an n-type diamond thin-film layer 
formed on a substrate and a high-quality undoped dia- 
mond thin-film layer formed on this n-type diamond thin- 
film layer, which is then made a p-type diamond thin-film 
layer by ion implantation of an impurity on the formed 
thin-film layer. 

[0008] The above n-type diamond thin-film layer also 
includes a thin-film layer in which a high-quality undoped 
diamond thin -film layer is formed on a substrate and this 
formed thin-film layer is doped with an impurity. 
[0009] The above p-type thin-film layer includes a lay- 
er wherein the substrate on which it is formed is a p-type 
and a p-type diamond thin-film layer in which the hole 
density is lower than the hole density in the substrate. 
[0010] Further, the above n-type thin-film layer in- 
cludes a layer wherein the substrate on which it is 
formed is an n-type and an n-type diamond thin-film lay- 
er wherein the electron density is lower than the electron 
density of the substrate. 

[0011] Further, the above high-quality undoped dia- 



mond thin-film layer includes a layer of sufficiently high 
quality that it emits intrinsic ultraviolet light at room tem- 
perature by any excitation method such as the electron 
injection one when the film thickness is at least 200nm. 

5 [0012] When the above p-type diamond thin-film layer 
surface and n-type diamond thin-fiim layer surface be- 
come the top layer in a lamination, that surface is made 
a graphite low-resistance layer by ion implantation and 
an electrode is formed on this graphite low-resistance 

io layer. 

[0013] The diamond pn junction diode fabrication 
method of this invention makes a diamond pn junction 
diode by forming a p-type diamond thin-film layer on the 
above substrate, forming a high-quality undoped dia- 
15 mond thin-film layer on the formed diamond thin-film lay- 
er, and making this lormed diamond thin-film layer an n- 
type diamond thin-film layer by ion implantation of an 
impurity. 

[0014] The diamond pn junction diode fabrication 
method of this invention makes a diamond pn junction 
diode by forming an n-type diamond thin-film layer on 
the above substrate, forming a high-quality undoped 
diamond thin-film layer on the formed diamond thin-film 
layer, and making this formed diamond thin-film layer a 
p-type diamond thin-film layer by ion implantation of an 
impurity. 

[0015] In the above diamond pn junction diode fabri- 
cation method, the above high-quality undoped dia- 
mond thin-film layer includes a thin-film layer of suffi- 
ciently high quality to emit intrinsic ultraviolet light at 
room temperature by any excitation method such as the 
electron injection one when its film thickness is at least 
200nm. 

[001 6] As described above, by means of the diamond 
pn junction diode and its fabrication method of this in- 
vention, it is possible to reliably control the electrical 
conductivity of diamond by ion implantation, which had 
not been realized in most cases in the prior art, by ion 
implantation of an impurity on a high-quality undoped 
diamond thin-film layer, and since we were able to join 
diamond thin-film layers that demonstrate remarkable 
p-type and n-type characteristics through control of the 
electrical conductivity, it is possible to reliably fabricate 
diamond pn junction diodes which could not be realized 
in the prior art. 

[0017] The above and other objects and features of 
the invention will become apparent from the following 
description made with reference to the drawings, in 
which:- 

Figure 1 is a schematic diagram of the microwave 
plasma CVD apparatus used in the fabrication of 
the diamond pn junction diode of this invention, 
Figure 2 is a graph showing the CL spectrum in the 
ultraviolet light range of a diamond thin-film layer 
fabricated with low and normal methane gas con- 
centrations, 

Figure 3 is a drawing showing the first embodiment 
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of the fabrication process of the diamond pn junc- 
tion diode of this invention, 

Figure 4 is a graph showing the results of hole 
measurements of a p-type diamond thin film fabri- 
cated under the same conditions as the p-type dia- 
mond thin-film layer of the first embodiment, 
Figure 5 is a graph showing the relationship be- 
tween the amount of ion implantation and the elec- 
trical resistivity of an n-type diamond thin film fabri- 
cated under the same conditions as the n-type dia- 
mond thin-film layer of the first embodiment, 
Figure 6 is a graph showing the current-voltage 
characteristic of a diamond pn junction diode fabri- 
cated according to the fabrication process of the 
first embodiment, 

Figure 7 is a graph showing the capacitance-volt- 
age characteristic of a diamond pn junction diode 
fabricated according to the fabrication process of 
the first embodiment, 

Figure 8 is a drawing showing the second embodi- 
ment of the fabrication process of the diamond pn 
junction diode of this invention, 
Figure 9 is a drawing showing the third embodiment 
of the fabrication process of the diamond pn junc- 
tion diode of this invention, 

Figure 10 is a drawing showing the fourth embodi- 
ment of the fabrication process of the diamond pn 
junction diode of this invention, and 
Figure 11 is a drawing showing the fifth embodiment 
of the fabrication process of the diamond pn junc- 
tion diode of this invention. 

[0018] Figure 1 is a schematic diagram showing the 
configuration of a microwave plasma CVD apparatus 
used in the fabrication of the diamond pn junction diode 
of this invention. In the figure, a microwave plasma CVD 
apparatus 100 is an end-launch type in which the micro- 
waves enter a substrate 11 from the normal direction, 
and a microwave source 1 generates a 2.45GHz micro- 
wave, has a maximum output of 1.5kW, and its output 
can be adjusted as required. The latter stage of the mi- 
crowave source 1 has a circulator 2 and dummy load 3, 
whereby the reflected waves of the microwaves emitted 
from the microwave source 1 that are reflected and re- 
turn back to a wave guide 12 are heat absorbed as a 
water load to prevent reflected waves from having any 
adverse effects on the oscillator of the microwave 
source 1 . Further, a tuner 4 is disposed in the latter stage 
of the circulator 2 to allow adjustment of the impedance 
of the wave guide 12 using three rods in order to sup- 
press the reflection of microwaves so that all injected 
power is consumed in the plasma. Further, the latter 
stage of the tuner 4 is equipped with an applicator 5 that 
has an antenna protruding into the wave guide which 
converts the TE10 mode microwaves propagated 
through the wave guide 12 to concentric TM01 mode 
microwaves. Converting the microwaves to TM01 mode 
matches them to a cylindrical reactor 1 3 so that a stable 



4 

plasma can be obtained. 

[0019] The source gas is a mixed gas comprising 
methane gas as the carbon source, hydrogen gas. and 
an impurity doping gas, which is supplied as required, 
s and these gases are led from their respective gas cylin- 
ders 15, through a reducing valve (not shown) and 
mass-flow controller, to the reactor 1 3 from a gas injec- 
tion pipe 6. A mass-flow controller 16 for the methane 
gas is a high precision-type to ensure a mix ratio ol less 
io than 0.5% (ratio of methane gas to hydrogen gas). 
[0020] A process pump is used to exhaust gas during 
the CVD diamond synthesis process in order to maintain 
an extremely clean vacuum environment in the reactor 
13 during diamond synthesis by plasma CVD. A turbo 
is pump 7 is used to achieve a high vacuum in advance, 
after which a rotary pump 17 is used to exhaust during 
synthesis, and a high-lrequency heater is used to con- 
trol the temperature of the substrate 11. A sample re- 
placement door 14 is opened and the substrate 11 is set 
in a prescribed location in the reactor 13. 
[0021] The diamond thin-film layer is fabricated in the 
above microwave plasma CVD apparatus with a low 
concentration of methane gas, and film quality of the 
fabricated diamond thin-film layer was evaluated using 
cathode luminescence (CL). 

[0022] Figure 2 is a graph showing the CL spectra in 
the ultraviolet light range for diamond thin-film layers 
fabricated with low and normal concentrations of meth- 
ane gas, i.e. the emission intensity of diamond thin-film 
layers excited by irradiation of electron beams. In the 
figure, (a) indicates the CL spectrum of a diamond thin- 
film layer synthesized over 42 hours at a methane gas 
concentration of 0.025% : a substrate temperature of 
800°C, a pressure of 25Torr, and a microwave output of 
750W, and (b) indicates the spectrum of a diamond thin- 
film layer synthesized for 6 hours under the same con- 
ditions except with a methane gas concentration of 
6.0%. 

[0023] In the diamond thin-film layer (a), the CL 
strength is notably high at a wavelength of 235nm, and 
the luminescence at this wavelength of 235nm is a 
5.27eV ultraviolet luminescence resulting from free ex- 
citon recombination of the diamond. That is, the dia- 
mond thin-film layer (a) demonstrates a remarkable 
band-edge luminescence specific to diamond at room 
temperature. The diamond thin-film layer (b), on the oth- 
er hand, contains impurities, defects, etc., in the film 
which cause a recombination center to appear that pre- 
vents luminescence in the band gap, and therefore al- 
most no band-edge luminescence is obtained. In view 
of this result, we found that a diamond thin-film layer 
fabricated with a low methane gas concentration results 
in an extremely good (high quality) film structure. There 
have been reports of band-edge luminescence from this 
kind of diamond thin film at temperatures below that of 
liquid nitrogen, but as far as we know, this is the first 
observation made at room temperature (Applied Phys- 
ics Letters, Vol. 73, No. 7, pp. 931-983 (1998)). 
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[0024] The diamond thin-film layer used in this inven- 
tion is of sufficiently high quality to emit ultraviolet light 
at room temperature by excitation with electron beams 
was explained above, but if the film thickness is thin, e. 
g., less than 200nm, the ultraviolet light may not be ob- 
served at room temperature even if the diamond thin- 
film layer is of the same high quality and is excited with 
electron beams. However, this invention also includes 
high-quality diamond thin-film layers in which ultraviolet 
light emission is not observed at room temperature be- 
cause the film thickness is too thin. 
[0025] Figure 3 is a drawing showing the first embod- 
iment of the fabrication process of the diamond pn junc- 
tion diode of this invention. The diamond pn junction di- 
ode 20 of this invention is fabricated by the following 
procedure using the microwave plasma C VD device 1 00 
described above. The diamond thin-film layers 21 and 
22i formed on the substrate 11 are both synthesized un- 
der a low methane gas concentration in the reactor 13 
in which an extremely clean vacuum environment is 
maintained, and they are of sufficiently high quality that 
they emit ultraviolet light at room temperature by exci- 
tation with electron beams when their film thickness is 
greater than 200nm. 

[0026] First, in step (1), the substrate 11 is set in the 
reactor 1 3. This substrate 11 is, for example, a diamond 
lb(001) insulation substrate artificially synthesized un- 
der a high temperature and pressure ( Figure 3 (a)). 
[0027] Next, in step (2) : a boron-doped p-type dia- 
mond thin-film layer 21 is synthesized on the substrate 
1 1 by a C VD method using trimethylboron as the boron 
source (Figure 3 (b)). 

[0028] In step (3), a p-type diamond thin-film layer 21 
is partially covered by a mask 30, and then a high-quality 
undoped diamond thin-film layer 22i is synthesized on 
the p-type diamond thin-film layer 21 and mask 30 (Fig- 
ure 3 (c)). As an example of the synthesis of the above 
thin-film layer 22i, a substrate temperature of 800°C, a 
pressure of 25 Torr, a microwave output of 750W, a 
methane gas concentration of 0.025%, and a synthesis 
time of 42 hours may be used. 

[0029] In step (4), the mask 30 is removed and the 
undoped diamond thin-film layer 22i on top of that is re- 
moved, thus exposing the p-type diamond thin-film layer 
21 (Figure 3 (d)). 

[0030] In step (5), the substrate 11 is removed from 
the reactor 13, and then by means of multiple ion im- 
plantation, the middle part of the undoped diamond thin- 
film layer 22i is implanted with sulfur (S) until the implan- 
tation reaches the boundary with the p-type diamond 
thin-film layer 21 while leaving the periphery alone, thus 
forming an n-type diamond thin-film layer 22. 
[0031] In an example of the above sulfur ion implan- 
tation, the sample temperature is 400°C and the dia- 
mond thin-film layer 22 is implanted with sulfur ions un- 
der the ion implantation conditions in TABLE 1 below 
such that the sulfur ion concentration becomes 1 x 10 20 / 
cm3 at a depth ranging from 30nm to 270nm 



TABLE 1 



10 



15 



energy (Kev) 


Dose (10 14 /cm 2 ) 




1.3 


/ O 


1.3 


I UU 


2.4 


150 




200 


2.7 


250 


3.6 


300 


1.7 


350 


4.6 


400 


4.5 


Total 


2.5 x lO^/cm 2 



45 



SO 



55 



20 [0032] By this means, a pn junction is formed between 
this layer and the p-type diamond thin-film layer 21 be- 
low it, thus forming a diamond pn junction diode 20 on 
the substrate 11. Further, a graphite low- resistance lay- 
er is formed by graphite conversion of the uppermost 
surface of the n-type diamond thin-film layer 22 to a 
depth of about 30nm by argon ion implantation at 40keV 
in a dose of 1 x 10 16 /cnrr 2 (Figure 3 (e)). 
[0033] In step (6), an electrode 27 formed from Ti is 
deposited on the surface of the graphite low-resistance 
layer formed on the uppermost surface of the n-type dia- 
mond thin-film layer 22 and an electrode 28 formed from 
Ti is deposited on the surface of the exposed p-type dia- 
mond thin-film layer 21 in order to obtain an ohmic con- 
tact (Figure 3 (f)). These electrodes 27, 28 are covered 
by depositing Pt, Au, etc., on them to prevent oxidation 
and improve their heat resistance. By means of these 
electrodes 27, 28, current flows from the electrode 28, 
through the p-type diamond thin-film layer 21 , the n-type 
diamond thin-film layer 22 and the graphite low-resist- 
ance layer to the electrode 27. 

[0034] In the diamond pn junction diode 20 configured 
as described above, the characteristics evaluation of the 
p-type diamond thin-film layer 21 is explained using Fig- 
ure 4, the characteristics evaluation of the n-type dia- 
mond thin-film layer 22 is explained using Figure 5, and 
the characteristics evaluation of the diamond pnjunction 
diode 20 itself is explained using Figure 6 and Figure 7. 
[0035] Figure 4 is a graph showing the results of a Hall 
measurement of a p-type diamond thin-film fabricated 
under the same conditions as the p-type diamond thin- 
film layer 21 described above. As shown in the graph, 
in a p-type diamond thin film with a hole concentration 
of 2 x 10 14 cm-3 and an electrical resistivity of 15Qcm, 
the hole mobility exceeded 1800cm 2 /Vs at room tem- 
perature and 3000cm 2 /Vs at a low temperature of 170K. 
This is an indication of the high-performance p-type dia- 
mond thin-film layer we were able to achieve by boron 
doping of a high-quality diamond thin-film accompany- 
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ing the exciton luminescence shown in Figure 2. 
[0036] Figure 5 is a graph showing the relationship 
between the conductance (electrical resistivity) and 
amount of ion implantation in an r>type diamond thin- 
film fabricated under the same conditions as the n-type 
diamond thin-film layer 22 described above. From this 
figure, we can see that in the ion implantation of sulfur 
on the undoped diamond thin-film layer 22i the resist- 
ance of the undoped diamond thin-film layer 22i de- 
creases as the amount of ion implantation is increased, 
thus making it possible to control the conductivity by the 
amount of ion implantation. 

[0037] Figure 6 is a graph showing the current-voltage 
characteristic of the diamond pn junction diode 20. In 
the region in which the voltage is positive in the graph, 
the electrode 28 on the p side is maintained positive and 
the electrode 27 on the n side is maintained negative, 
at which time the current flows in the forward direction. 
Also, in the region in the graph in which the voltage is 
negative, the electrode 28 on the p side is maintained 
negative and the electrode 27 on the n side is main- 
tained positive, at which time the current flows in the 
reverse direction and is interrupted. That is, the diamond 
pn junction diode 20 demonstrates a marked rectifying 
action wherein in the forward direction, current nearly 
matching the current value determined by the bulk re- 
sistance of the diamond flows and the gate goes to an 
open condition, while in the reverse direction a resist- 
ance which is higher than the bulk resistance is formed 
by the depletion layer generated in the pn junction and 
the gate goes to a closed condition. As far as we know, 
this is the first time anyone has been able to get a pn 
junction to demonstrate this kind of marked rectifying 
characteristic using synthetic CVD diamond and an ion 
implantation method. 

[0038] Figure 7 is a graph showing the capacitance- 
voltage characteristic of the diamond pn junction diode 
20. In the region in the graph in which the voltage is neg- 
ative, the electrode 28 on the p side is maintained neg- 
ative and the electrode 27 on the n side is maintained 
positive, at which time the direction is reversed and ca- 
pacitance is achieved by the depletion layer generated 
in the pn junction. As the absolute value of the reverse- 
direction voltage becomes smaller, the depletion layer 
becomes smaller and the capacitance increases. This 
example demonstrates directly that a pn junction diode 
is obtained. 

[0039] In the diamond pn junction diode 20 obtained 
by the fabrication process described in the first embod- 
iment, the electrode 28 is lormed directly on the p-type 
diamond thin-film layer 21 rather than via a substrate, 
and therefore a good electric contact can be maintained. 
Further, since the electrode 27 is formed on a graphite 
low-resistance layer, a good ohmic contact with the elec- 
trode 27 can be maintained. Also, since the electrodes 
27, 28 are formed on the lamination surface on the sub- 
strate 11 and no electrodes are formed on the back of 
the substrate 11, the substrate 11 does not have to be 



made from a conductive material, thus making it possi- 
ble to select a material that optimally matches the dia- 
mond thin-film layer formed on the substrate from a wid- 
er range of materials. Since the undoped diamond thin- 

5 film layer 22i remains on the periphery of the rHype dia- 
mond thin-film layer 22, the pn junction interlace does 
not extend to the peripheral surface, thus ensuring that 
any current leakage from the junction interface when 
current is passed between the electrodes 27, 28 is 

10 stopped by the undoped diamond thin-film layer 22i and 
electrical efficiency is improved. Restrictions on the 
placement of electrodes are also eliminated, thus im- 
proving the freedom of design so that an optimal design 
can be achieved in the electronic device. 

is [0040] In the above explanation, the electrode 28 was 
formed directly on the surface of the p-type diamond 
thin-film layer 21, but as in the case of the n-type dia- 
mond thin-film layer 22, a graphite low-resistance layer 
can be formed on this p-type diamond thin-film layer 21 

20 and the electrode 28 formed on this graphite low-resist- 
ance layer. This will allow realization of a better ohmic 
contact with the electrode 28. 

[0041] Figure 8 is a drawing showing the second em- 
bodiment of the fabrication process of the diamond pn 

25 junction diode of this invention. In the fabrication proc- 
ess of this second embodiment, step (11) (Figure 8 (a)) 
and step (12) (Figure 8 (b)) are the same as step (1 ) and 
step (2) in the first embodiment, and therefore the proc- 
ess will be explained from step (1 3) here. 

30 [0042] In step (13), the undoped diamond thin-film 
layer 22i is synthesized over the entire p-type diamond 
thin-film layer 21 . The synthesis conditions are the same 
as in the method described above (Figure 8 (c)). 
[0043] In step (14), an area of the undoped diamond 

35 thin -film layer 22i offset from the center toward one side 
up to the uppermost surface is implanted with sulfur ions 
while leaving the periphery of the undoped diamond 
thin-film layer 22i alone (Figure 8(d)). This ion implan- 
tation up to the uppermost surface can be achieved in 

40 principle by suppressing the acceleration voltage to a 
low level. The sulfur ion implantation makes the entire 
undoped diamond thin-film layer 22i an n-type diamond 
thin-film layer 22 and forms a pn junction between this 
layer 22 and the p-type diamond thin-film layer 21 below 

45 it (Figure 8 (d). The implantation of sulfur ions was per- 
formed according to the method described above. Also, 
a suitable ohmic characteristic is maintained in the up- 
permost surface of the n-type diamond thin-film layer 22 
by this sulfur ion implantation. 

so [0044] In step (1 5), an area of the remaining undoped 
diamond thin -film layer 22i offset from the center toward 
the opposite side is subjected to ion implantation with 
carbon, sulfur, argon, xenon, etc. : to change the un- 
doped diamond thin-film layer 22i to a graphite low-re- 

55 sistance layer 26 and achieve an ohmic contact be- 
tween this layer and the p-type diamond thin-film layer 
21 below it (Figure 8 (e)). 

[0045] In step (16), the electrodes 27, 28 made from 
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Ti are deposited on the respective su rfaces of the n-type 
diamond thin-film layer 22 and the graphite low-resist- 
ance layer 26 to achieve ohmic contact (Figure 8 (f )) By 
means of these electrodes 27, 28, current flows from the 
electrode 28, through the graphite low-resistance layer 
26, the p-type diamond thin-film layer 21 and the n-type 
diamond thin-film layer 22 to the electrode 27. 
[0046] In the fabrication process in this second em- 
bodiment, as in the first embodiment described above 
the electrode 28 is formed on the p-type diamond thin- 
film layer 21 rather than via the substrate, thus making 
it possible to maintain a good electrical contact Further, 
since the electrode 28 is formed on the graphite low- 
resistance layer 26, it is possible to maintain an even 
better ohmic contact with the electrode 28 Also since 
the electrodes 27, 28 are formed on the laminated sur- 
face of the substrate 11 and there are no electrodes on 
the backside of the substrate 11, the substrate 11 does 
not have to be conductive, thus making it possible to 
select a material that optimally matches the diamond 
thin-film layer formed on the substrate from a wider 
range of materials. Since the undoped diamond thin-film 
layer 22i remains on the periphery of the n-type diamond 
thin-film layer 22, the pn junction interface does not ex- 
tend to the peripheral surface, thus ensuring that any 
current leakage from the junction interface when current 
is passed between the electrodes 27, 28 is stopped by 
the undoped diamond thin-film layer 22i and electrical 
efficiency is improved. Restrictions on the placement of 
electrodes are also eliminated, thus improving the free- 
dom of design so that an optimal design can be achieved 
in the electronic device. 

[0047] Figure 9 is a drawing showing the third embod- 
iment of the fabrication process of the diamond pn junc- 
tion diode of this invention. In the fabrication process of 
this third embodiment, step (21 ) (Figure 9 (a)), step (22) 
(Figure 9 (b)) and step (23) (Figure 9 (c)) are the same 
as step (1 1 ) to step (1 3) in the second embodiment de- 
scribed above, and therefore the process will be ex- 
plained from step (24) here. In the first and second em- 
bodiments described above, an insulating material was 
used as the substrate 11 , but in the third to the fifth em- 
bodiments a p-type conductive substrate that has been 
doped with boron to a high concentration is used and 
an electrode is provided on the backside of the conduc- 
tive substrate to make a sandwich type pn junction diode 
with electrodes on both sides. 

[0048] In step (24), an ion implantation method is 
used to implant sulfur (S) on the undoped diamond thin- 
film layer 22i by multiple ion implantation until it reaches 
the interface with the p-type diamond thin-film layer 21 , 
thus forming the n-type diamond thin-film layer 22 and 
making the diamond pn junction 20 on the substrate 11 
(Figure 9 (d)). At this stage, the undoped diamond thin- 
film layer 22i remains as a shallow insulative layer on 
the surface of the n-type diamond thin-film layer 22 
[0049] In step (25), the undoped diamond thin-film 
layer 22i remaining as a thin layer on the surface is ion 



implanted with carbon, sulfur, argon, xenon, etc., to form 
the graphite low-resistance layer 23, thus achieving an 
ohmic contact with the n-type diamond thin-film layer 22 
(Figure 9 (e)). 

5 [0050] In step (26), electrodes 24, 25 made from tita- 
nium (Ti) are deposited on the backside of the substrate 
1 1 and the surface of a graphite low-resistance layer 23 
respectively, in order to obtain an ohmic contact (Figure 
9 (f)). 

io [0051] Figure 10 is a drawing showing the fourth em- 
bodiment of the fabrication process of the diamond pn 
junction diode of this invention. In the fabrication proc- 
ess of this fourth embodiment, step (31 ) (Figure 1 0 (a)) 
step (32) (Figure 10 (b)) and step (33) (Figure 10 (c)j 
'5 are the same as step (11) through step (13) in the sec- 
ond embodiment described above, and therefore the 
process will be explained from step (34) here. 
[0052] In step (34), sulfur ion implantation of the un- 
doped diamond thin-film layer 22i is performed up to the 
20 uppermost surface of the undoped diamond thin-film 
layer 22i (Figure 10 (d)). Ion implantation of the upper- 
most surface can be achieved, in principle, by suppress- 
ing the acceleration voltage, and by means of this sulfur 
ion implantation the entire undoped diamond thin-film 
2 * layer 22i becomes an n-type diamond thin-film layer 22 
which forms a pn junction with the p-type diamond thin- 
film layer 21 below it. Also, a suitable ohmic character- 
istic is maintained in uppermost surface. 
[0053] In step (35), as in the third embodiment the 
30 electrodes 24, 25 made from Ti are deposited on the 
backside of the substrate 11 and on the surface of the 
n-type diamond thin-film layer 22, respectively (Figure 

[0054] As described above, in the fabrication process 
35 of the fourth embodiment, the process that forms a 
graphite low-resistance layer by means of implantation 
of carbon, sulfur, argon, xenon, etc., in the third embod- 
iment (step (25) in the third embodiment) can be omit- 
ted, and therefore the fabrication process can be sim- 
4 o plified. 

[0055] Figure 1 1 is a drawing showing the fifth embod- 
iment of the fabrication process of the diamond pn junc- 
tion diode of this invention. In the fabrication process of 
this fifth embodiment, step (41 ) (Figure 11 (a)), step (42) 
<s (Figure 11 (b)) and step (43) (Figure 11 (c)) are the same 
as step (11) through step (1 3) in the second embodiment 
described above, and therefore the process will be ex- 
plained from step (44) here. 

[0056] In step (44), the middle part of the undoped dia- 
50 mond thin-film layer 22i is implanted with sulfur ions 
leaving the periphery of the undoped diamond thin-film 
layer 22i alone, thus forming an n-type diamond thin-film 
layer 22 in the middle area and a pn junction with the p- 
type diamond thin-film layer 21 below it (Figure 11 (d)) 
5S Also, the undoped diamond thin-film layer 22i is left in 
the periphery. A suitable ohmic characteristic is main- 
tained in the uppermost surface of the n-type diamond 
thin-film layer 22. 
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[0057] In step (45), the electrodes 24, 25 made from 
Ti are deposited on the backside of the substrate 1 1 and 
the surface of the retype diamond thin-film layer 22, re- 
spectively, to obtain an ohmic contact (Figure 11 (e)). 
[0058] As described above, in the fabrication process 
of the fifth embodiment., the undoped diamond thin-film 
layer 22i is left on the periphery of the n-type diamond 
thin-film layer 22 as in the first and second embodiments 
described above such that the pn junction interface does 
not extend to the peripheral surface, and therefore any 
current leakage from the junction interface when current 
is passed between the electrodes 24, 25 is completely 
stopped by the undoped diamond thin-film layer 22i, 
which further improves electrical efficiency. 
[0059] In the fabrication processes in the third to the 
fifth embodiments described above : a p-type substrate 
doped with boron to a high concentration was used as 
the substrate 1 1 , but in this case the hole concentration 
of the p-type diamond thin-film layer 21 formed on the 
substrate 11 is set lower than the hole concentration of 
the substrate 1 1 such that current can be passed quickly 
from the electrode 24 on the substrate side to the elec- 
trode 25 on the side of graphite low-resistance layer 23. 
[0060] As a result of measuring the current-voltage 
characteristic and capacitance -voltage characteristic 
when current was passed between the electrodes of the 
diamond pn junction diodes 20 formed according to the 
fabrication processes in the second to the fifth embodi- 
ments described above, we confirmed that a pn junction 
was reliably formed in all the diamond pn junction diodes 
20 of second to the fifth embodiments. 
[0061] In each of the fabrication processes of the first 
to the fifth embodiments described above, the p-type 
diamond thin-film layer 21 on the substrate 11 was 
formed by using a CVD method wherein impurities were 
doped under a gas phase during gaseous phase syn- 
thesis, but this p-type diamond thin-film layer 21 can be 
configured by first forming a high quality undoped dia- 
mond thin-film layer on the substrate 11 and then ion 
implantation of an impurity on this undoped diamond 
thin-film layer. 

[0062] In each of the fabrication processes of the first 
and the fifth embodiments described above, a p-type 
diamond thin-film layer 21 was formed on the substrate 
1 1 and an n-type diamond thin-film layer 22 was formed 
on that p-type diamond thin-film layer 21, but this can 
be reversed by forming the n-type diamond thin-film lay- 
er on the substrate and forming the high-quality un- 
doped diamond thin-film layer on the n-type diamond 
thin-film layer after which the high-quality undoped dia- 
mond thin-film layer is converted to a p-type diamond 
thin-film layer by ion implantation of an impurity. The 
lower n-type diamond thin-film layer in this case may be 
formed by doping with an impurity using a CVD method 
or by forming a high-quality undoped diamond thin-film 
on the substrate and making the undoped diamond thin- 
film layer an n-type layer by ion implantation of an im- 
purity. 



[0063] As described above, when an n-type diamond 
thin-film layer is first formed on the substrate, an n-type 
substrate is used as the substrate and the electron den- 
sity of the n-type diamond thin-film layer formed on the 

5 substrate is set lower than the electron density of the 
substrate. By using higher and lower electron densities, 
current can be passed more quickly from the top side 
electrode to the electrode on the substrate side. How- 
ever, as in the case of the fabrication processes of the 

io first and second embodiments described above, when 
electrodes are disposed only on the top side, no consid- 
eration has to be made for the electrical conductivity of 
the substrate or the electron densities of the substrate 
and the n-type diamond thin-film formed on the sub- 

15 strate. 

[0064] When electrodes are disposed on the p-type 
diamond thin-film layer 21 and the graphite low-resist- 
ance layer on the n-type diamond thin-film layer 22, no 
restrictbns are placed on the thin-film layers 21, 22 by 
20 the fabrication method; for example, they may be thin- 
film layers formed by doping with an impurity using a 
CVD method, or they may be a thin-film layer formed by 
first forming a high-quality undoped diamond thin-film 
layer on the substrate and then performing ion implan- 
ts tation of an impurity on this undoped diamond thin-film 
layer. 

[0065] Further, in the above explanation, the n-type 
diamond thin-film layer was fabricated by ion implanta- 
tion using sulfur (group VI) as the impurity element, but 

30 when forming an n-type layer, phosphorus (group V), 
lithium (group I), sodium (group I), bromine (group VII), 
iodine (group VII), etc., can also be used as the impurity 
element, or when using ion implantation to form the p- 
type layer, boron (group III), silicon (group IV), etc. can 

35 be used as the impurity element; i.e., elements from 
nearly all the groups can be used as impurity elements 
to control the electrical conductivity depending on the 
impurity element. Also, the impurity element is not lim- 
ited to one type, but rather two or more types can be 
implanted. 

[0066] As was explained above, by means of the dia- 
mond pn junction diode and its fabrication method of this 
invention, we were able to use ion implantation to relia- 
bly control electrical conductivity of diamond, which had 

4S not been realized in the prior art, by ion implantation of 
an impurity on a high-quality undoped diamond thin-film 
layer, and we were able to join diamond thin-film layers 
that demonstrated marked p-type and n-type character- 
istics by means of this electrical conductivity control, 

50 thus making it possible to reliably fabricate a diamond 
pn junction diode which had not been realized in the pri- 
or art. Therefore, we were able to take a critical step in 
utilizing diamond as an electronic device in future appli- 
cations. 

55 [0067] In other words, the pn junction of diamond 
demonstrates the ultimate properties of wide-band gap 
semiconductor, and this diamond pn junction diode will 
likely be used as a fundamental component of electronic 
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devices that operate stably under severe conditions of 
high-temperature, radiation, high-voltage, high frequen- 
cy, etc., which conventional silicon and other semicon- 
ductor materials could not withstand; for example, elec- 
tronic devices that operate in space, sensors inside nu- 
clear reactors, and in applications in high vibration ap- 
paratus. Further, the pn junction can be used as the ba- 
sic configuration for optical elements, or it can be used 
as a photo receptor for light with wavelengths shorter 
than ultraviolet light (x-ray, radiation). 



Claims 

1. A diamond pn junction diode (20) comprising: 

a p-type diamond thin-film layer (21 ) formed on 
a substrate (11); and 

an n-type diamond thin-film layer (22) formed 
by forming a high-quality undoped diamond 
thin-film layer (22i) on said p-type diamond thin- 
film layer and ion-implanting an impurity into 
the high-quality undoped diamond thin-film lay- 
er. 

2. A diamond junction diode (20) according to claim 
1, wherein said p-type diamond thin-film layer (21) 
is formed by forming a high-quality undoped dia- 
mond thin-film layer (22i) on the substrate and dop- 
ing this high-quality undoped diamond thin-film lay- 
er with an impurity. 

3. A diamond pn junction diode (20) comprising: 

an n-type diamond thin-film layer (22) formed 
on a substrate (11); and 
a p-type diamond thin-film layer (21 ) formed by 
forming a high-quality undoped diamond thin- 
film layer (22i) on said n-type diamond thin-film 
layer and ion -implanting an impurity into this 
high-quality undoped diamond thin-film layer. 

4. A diamond pn junction diode (20) according claim 
3, wherein said n-type diamond thin-film layer (22) 
is formed by forming a high-quality undoped dia- 
mond thin-film layer (22i) on the substrate and dop- 
ing this high-quality undoped diamond thin-film lay- 
er with an impurity. 
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5. A diamond pn junction diode (20) according to claim so 
1 or 2, wherein said substrate (11) is of p-type and 

a hole density of said p-type diamond thin-film layer 
is lower than a hole density of the substrate. 

6. A diamond pn junction diode (20) according to claim 55 
3 or 4, wherein said substrate (11 ) is of n-type and 

an electron density of said n-type diamond thin-film 
layer is lower than an electron density of the sub- 



strate. 

A diamond pn junction diode (20) according to claim 
11 or 2, wherein said high-quality undoped diamond 
thin-film layer (22i) is of sufficiently high quality to 
emit ultraviolet light at room temperature by excita- 
tion with electron beams when a thickness of the 
film is at least 200nm. 

A diamond pn junction diode (20) according to claim 
3 or 4, wherein said high-quality undoped diamond 
thin-film layer (22i) is of sufficiently high quality to 
emit ultraviolet light at room temperature by excita- 
tion with electron beams when a thickness of the 
film is at least 200nm. 

A diamond pn junction diode (20) according to claim 
1 or 2, wherein said n-type diamond thin-film layer 
(22) is made a graphite low-resistance layer (23) by 
ion implantation and an electrode (25) is formed on 
this graphite low-resistance layer. 

10. A diamond pn junction diode (20) according to claim 
3 or 4, wherein said p-type diamond thin-film layer 
(21) is made a graphite low-resistance layer (23) by 
ion implantation and an electrode (25) is formed on 
this graphite low-resistance layer. 

11. A method of fabricating a diamond pn junction diode 
(20), comprising the steps of: 

forming a p-type diamond thin-film layer (21 ) on 
a substrate (11); 

forming a high-quality undoped diamond thin- 
film layer (22i) on said p-type diamond thin-film 
layer; and 

making said high-quality undoped diamond 
thin-film layer an n-type diamond thin-film layer 
(22) by ion implantation of an impurity. 

12. A method of fabricating a diamond pn junction diode 
(20), comprising the steps of: 

forming an n-type diamond thin-film layer (22) 
on a substrate (11); 

forming a high-quality undoped diamond thin- 
film layer (22i) on said n-type diamond thin-film 
layer; and 

making said high-quality undoped diamond 
thin-film layer a p-type diamond thin-film layer 
(21) by ion implantation of an impurity. 
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A diamond pn junction diode fabrication method ac- 
cording to claim 11 or 12, wherein said high-quality 
undoped diamond thin-film layer (22i) is of suffi- 
ciently high quality to emit ultraviolet light at room 
temperature by excitation with electron beams 
when a thickness of the film is at least 200nm. 
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